The corrosion of steel by lead-bismuth eutectic (LBE) is an important issue in proposed nuclear transmutation schemes. Steel samples were exposed to oxygen-controlled LBE at high temperature and exposure times that simulate actual reactor systems. Scanning electron microscopy (SEM), combined with energy-dispersive X-ray analysis (EDAX) and X-ray photoelectron spectroscopy (XPS), has been used to study post-exposure steel samples and unexposed controls. Our investigation of the reacted samples revealed preferential segregation of metals contained in the initial alloy formulations. Sputter depth profiling of the exposed annealed sample and cold-rolled sample showed a marked difference in oxide layer composition, depending on surface preparation. The annealed sample showed a complex oxide structure (iron oxide over chromium/iron oxide mixtures) of tens of microns thickness. The cold-rolled sample was covered with a rather simple, primarily chromium oxide layer of ~1 micron thickness. The cold-rolled sample had an order of magnitude less corrosion (i.e., both lower oxidation and less weight change) than the annealed sample.
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Introduction
Lead Bismuth Eutectic (LBE) is of interest as both a coolant and a spallation target in proposed transmutation schemes for radioactive waste. The Russians have decades of experience with LBE as a coolant in their Alpha-class submarines, generating a body of engineering knowledge on the material. Unfortunately, hot LBE corrodes most engineering materials.
Several studies addressing the corrosion issue in these reactor operating systems have been published in the research literature, addressing the corrosion of the steel in the presence of either lead or LBE. Early work focused on ferritic steels, guided by the high solubility of chromium in LBE. Barbier and Rusanov [1] reported the corrosion behavior of several steels, including Optifer IV, T91, and EP823 with LBE. Ghetta et al. [2] designed a detailed and precise description for procedures for corrosion studies of steel samples in molten lead. Glasbrenner et al. [3] conducted corrosion studies of steels in flowing lead at temperatures of 673 K and 823 K.
Mueller et al. [4] tested corrosion of various steels after 2000 h of exposure to flowing LBE at 693 K and 873K. Nicaise et al. [5] studied the embrittlement of Grade 91 martensitic steel in liquid lead. Park et al. [6] suggested various other alloys and combinations.
In their Alpha-class nuclear submarine power plants, the Russians found that the addition of controlled amounts of oxygen to LBE greatly suppressed the corrosion of steel by LBE [10] .
The suppression of corrosion is believed to arise from the formation of a protective layer of iron oxide [11, 12] . The corrosion of steel by oxygen controlled LBE is a complex phenomena, with both oxidation and dissolution of the steel occurring at different rates at different times. The growth of the oxide layer follows a parabolic law in time, whereas the dissolution rate is more constant. The use of controlled amounts of oxygen in the LBE to form protective oxide layers led to the renewed interest in the use of austenitic (high-chromium) steels for this purpose.
Several investigators [2, [10] [11] [12] [13] [14] report detailed studies of the effects of various levels of oxygen on the corrosion processes involving steels with liquid lead and/or LBE. Chemical compatibility tests were conducted of martensitic and austenitic steels [8, 12, [14] [15] [16] [17] [18] , and mechanical tests [19] were conducted in both liquid lead and LBE.
Varieties of Steel
One of the most common varieties of alloy steels is stainless steel, which has enhanced corrosion resistance due to the formation of a protective passivation layer. Steel is classified as stainless if the chromium content is at least 11.5 % by weight. The main components of stainless steel are iron, chromium, and nickel [7] . Stainless steels are classified as ferritic, martensitic, or austenitic, based on the amounts of alloying components and their lattice structures. Austenitic alloys have chromium content of 16-18 % by weight. Of the 300 series, 316 is the alloy most resistant to corrosion attack.
316 stainless steel and its variants (316L, 316LN, etc.) are commonly used in highly corrosive environments and in nuclear construction. Austenitic steels have higher oxidation resistance in LBE due to their relatively high chromium content [8] .
The purpose of the present study was to obtain data that would be helpful in detailing a mechanism for oxygen-controlled LBE/stainless steel corrosion. Scanning electron microscopy (SEM), combined with energy-dispersive X-ray analysis (EDAX) and X-ray photoelectron spectrometry (XPS), has been used to study the products formed in the reaction between oxygencontrolled lead-bismuth eutectic (LBE) and 316/316L nuclear-grade stainless steel at elevated temperatures. The steel samples were reacted with LBE under temperature and exposure times that simulate actual reactor systems and were spectroscopically and microscopically compared to unreacted blank samples. XPS spectral lines for the various elements were studied for both the reacted and un-reacted samples, and the elemental compositions were extracted for reacted and un-reacted samples. The data are discussed in the context of known corrosion mechanisms for the alloys and the results of previous studies of reactions of the alloys with LBE at elevated temperature.
Experimental
The 316/316L nuclear grade stainless steel samples studied were among a batch of steels XPS has been reviewed by Perry [20] , while SEM has been reviewed by Goldstein [21] .
Our XPS instrument is a Surface Science Instruments SSX-100 which has been fitted with a Nonsequitur Technologies Model 1401 ion gun for sputtering. The XPS binding analyses were referenced to the adventitious carbon 1s line at 284.6 eV. The X-ray source for the XPS was a monochromatized and refocused aluminum Kα (1486 eV) source with a 0.5-1.0 mm diameter Xray spot size. The SEM was a JEOL JSM-5600 with an Oxford EDS detector.
Theory: basic mechanism of corrosion
One of the most predictive of the current theories [11] follows from the observation that for a (metal) substrate to dissolve into an overlying liquid metal, it must be in the reduced (i.e., metallic) state. Thus, for a substrate oxide to dissolve, it must first be reduced to the metal and 6 dissolved oxygen. Using the thermodynamic stability of the oxides leads to a new equilibrium concentration of the (metal) substrate in the liquid LBE, which can be lowered by raising the dissolved oxygen concentration. With the addition of the diffusion equation and the effective thickness of the stagnant layer between the substrate wall and the fully mixed liquid, the corrosion rate can be found [11] . Thus, oxygen control in LBE forces a lower corrosion rate by the formation of a more thermodynamically stable passivating oxide layer.
The gas phase oxidation behavior of stainless steels, including 316 family steels, has been extensively reported in the literature [7] . In oxidation in air at elevated temperatures (0.l3 atm.
O 2 , T=1273 K) the oxide layer depends on the chromium content. At a chromium content of less than 2 %, the oxide layer is pure iron oxide, while at chromium contents near 9 %, an iron oxide layer is found above mixed iron and chromium oxides. At chromium contents of 16 %, pitting corrosion is found with iron oxides over mixed iron/chromium oxide. At high (e.g., 28 %) chromium content, a pure chromium oxide scale is found. The question naturally arises whether the insights resulting from gas phase oxidation of steels can be applied to the oxidation of steel in non-isothermal LBE loops. While the surface is definitely being oxidized, similar to the gas phase case, in liquid metal the oxide is also being dissolved. Thus the results of this and similar studies are necessary for full understanding of the O/LBE/stainless steel system.
Many of the studies (e.g., 4) of stainless steel in LBE found that the oxide at the surface of the steel was composed of iron oxide, with an iron/chromium oxide layer underneath. Li [11] uses the commonly observed iron oxide surface layer to apply the theory to practical systems.
Results
The Russian collaborators measured weight change and oxide thickness of these samples after LBE exposure. They found that all of the steels had similar properties, except for the coldrolled sample, which had an order of magnitude less oxidation and weight loss than the other steels (in particular, annealed steel). Our initial investigations focus then on the differences between the annealed and cold-rolled samples.
SEM studies
Our SEM investigations of the annealed and the cold-rolled samples showed that the 316L sample had an evident ~10 micron grain structure (Figure 1 ). The sample was not etched to enhance the grain structure. Annealed 316 generally shows an ~40 micron grain on etching. The composition of the unexposed annealed and cold-rolled 316/316L by EDAX was essentially similar, based on the average composition of the top few microns of the surface.
XPS studies
The surface composition examined by XPS (Figure 2 ) reveals some differences between the samples. In comparison to EDAX, the region of analysis by XPS is only the top few atomic layers. After an initial short (85 s) sputter to remove most of the carbonaceous surface contamination (typical of samples that have been exposed to the atmosphere for extended times),
we find that the cold-rolled sample surface is enhanced in chromium (Fe/Cr = 1.8) with respect to the annealed sample (Fe/Cr = 3.3). The large oxygen and carbon component in the top few atomic layers make it necessary to look at ratios rather than absolute values of the surface atomic percentage of the components of interest (Table 1) .
After exposure to oxygen-controlled LBE at 823K for 3000 hrs, and 85 s of sputtering, the surface of the annealed sample is primarily iron oxide (Fe/Cr = 6.5) , whereas the cold-rolled 8 sample had large chromium content (Fe/Cr = 2.7). While there is still large carbon contamination, the residual lead and bismuth falls below 1 atom % in both cases, indicating that there is little to no penetration of the LBE into the forming oxide layers. The exposed samples showed no nickel in the XPS, in agreement with previous work and the high solubility of nickel in LBE. Similar enhancement of chromium was observed by EDAX in the near-surface region of the cold-rolled sample as compared to the annealed sample.
Examination of the peak shape and location of the carbon and chromium core levels gives further information. Peak positions are referenced to the common aliphatic carbon peak (284.6 eV) found on as-received samples. The different binding energies of chromium (both Cr III and
Cr VI) and their oxidation state-dependent spin-orbit splittings are described by Perry et al. [22] .
The binding energies of other elements are found in the standard NIST database [23] .
All samples were lightly (5 sec) argon ion sputtered to remove the majority of the overlying carbon. The chromium in the unexposed annealed sample was found at peak location (Cr 2p 3/2 574.7 eV) and spin orbit splitting (9.2 eV) consistent with metallic and/or carbidic chromium. The unexposed cold-rolled sample, as well as the exposed cold-rolled and annealed samples, show chromium at a binding energy and splitting consistent with the formation of Cr 2 O 3 . (Cr 2p 3/2 576.6-576.8 eV, splitting 9.7-9.9 eV). The carbon in the unexposed samples exhibited primarily a single peak (taken to be at 284.6 eV) except for the case of annealed unexposed sample, which showed a small carbide peak at 282.9 eV, consistent with chromium carbide (Figure 3 ). The finding of metallic or carbidic chromium in the annealed sample, coupled with the evidence of carbidic carbon, indicates a lower stability of chromium oxide and the formation of chromium carbide. On extended sputtering (85 s), a carbide peak was found for both annealed and cold-rolled unexposed samples, presumably due to ion beam induced reaction between the chromium and the residual carbon.
Sputter depth profiling studies
These studies were complicated by the presence of carbon (which can lead to loss of chromium in the passivation layer by sequestration of the chromium in the grain boundaries as the carbide) and the possibility of precipitation of iron oxide onto the surface during exposure and extraction. We undertook a sputter depth profiling study to determine the overall oxide compositional morphology. The very long sputtering times (up to ten hr) alters the chemical composition of the surface, but elemental analysis of the surface is still useful.
The sputter depth profiles of annealed and cold-rolled samples show marked differences (Figures 4, 5) . The oxide on the annealed exposed sample has a top layer of iron oxide over a layer of mixed chromium and iron oxides (either a mixed oxide or a spinel). We observed that the total oxide thickness on the annealed sample was ~30 microns, based on the sputter rate through SiO 2 and other metal samples whose thickness was determined microscopically. The cold-rolled sample had an oxide thickness of ~1 micron, based on similar information. The coldrolled sample showed a surface chromium oxide layer, with a possible mixed chromium/iron oxide underneath, whereas the annealed sample showed iron oxide at the surface, with a clear mixed oxide underneath.
One complicating factor is the variation in the thickness of the oxide layer from one point to another in the sample. This affects the measurement of the elemental composition of bottom of the oxide layer, because experimental measurements are combinations of the signals from the oxide layer (in regions where the oxide layer is thicker) and from the bulk material (in regions where the oxide layer is thinner). This complicating factor does not affect the measurement of the elemental composition of the top of the oxide layer.
The results for the samples exposed to LBE at 823K for 3000 hrs show the same morphology as the 1000 hr samples, with the observation of an increase in the iron percentage in the mixed layer in the annealed sample and the chromium layer in the cold-rolled sample. These shifts may be due to a slow dissolution of the underlying iron into the passivating oxide layer.
Discussion
Other workers [15] [16] [17] [18] examining 316 and 316L samples have found both behaviors: the formation of thin protective layers and thicker heterogeneous layers with iron oxide on the surface. Since LBE is not included in the oxide layer, we feel that a comparison with gas phase oxidation studies is appropriate. Thus, the dependence of passivating oxide scale composition and structure with chromium content discussed above [7] might lead to insights as to how to optimize the oxygen/LBE/steel system to minimize corrosion.
Seemingly small amounts of carbon can play a role in corrosion [24] . In 316 stainless steels chromium carbides or chromium/molybdenum carbides can precipitate out at grain boundaries, producing a near-surface layer depleted in free chromium that cannot create a passivating chromium oxide layer. Consequently, corrosion occurs easily, especially at grain boundaries. The 773-1073 K temperature range is particularly prone to carbide enhanced corrosion: at lower temperatures, neither carbon nor chromium migrates very rapidly, while at high temperatures, both carbon and chromium can migrate, and thus chromium can be replenished at the metal surface [3] .
One standard picture has corrosion enhanced at grain boundaries. Alternatively, previous workers have found both grain size and steel composition to be important parameters in the formation of passivating oxide coatings on austenitic stainless steels. Higgins et al. [25] found that for NiCr alloys, abrasive blasting of the surface reduced grain size and led to stabilization of the chromium oxide layer. Baer et al. [26, 27] found for 304 stainless steel that small grain size led to protective oxide layers, but that large (>40 micron) grains had a propensity to form surface layers that were chromium oxide enriched at grain boundaries, with an iron oxide surface region at the center of the grain [26] . This model is appealing, because it explains how the iron oxide layer can form on top of the chromium layer -e.g., how the iron penetrates the passivating chromium oxide layer. In subsequent work Baer found that grain size, surface preparation, surface carbon, oxygen partial pressure during oxidation, and other factors were all important in determining the degree of passivation.
Conclusions
We have observed that a particularly stable and protective chromium oxide layer can be formed on 316/316L nuclear grade stainless steels when exposed to oxygen controlled LBE at 823 K. This layer is distinct from the iron oxide on top of iron/chromium oxide layers observed by other workers and is similar to behavior seen by some workers at lower temperatures for 316L. Further, similar behavior is seen for the gas phase oxidation of stainless steels. We propose a mechanism similar to that seen for nickel/chromium alloys and other 300 series stainless steels where grain sizes, and perhaps other factors, are important in the formation of the passivation layer. Our laboratory is examining other 316 steels with varying surface preparation and composition to further determine optimal operational parameters for 316 class steels in LBE.
If a chromium oxide layer can be obtained and stabilized, then new operational regions of temperature and oxygen concentration might be utilized [11] with acceptable corrosion rates. . 2 (a) . Characteristic XPS survey spectra of exposed annealed 316/316L sample before and after 85 s of argon ion sputtering. The source is monochromatized aluminum K X-rays at 1486 eV.
Fig. 2 (b).
Same as 2(a) but cold-rolled sample. 5 . Depth profile of cold-rolled 316/316L. Total sputter depth is approximately one micron (SiO 2 equivalent) and correlates well with independent SEM determinations. Note that initial chromium oxide surface is preserved over metal surface. Only a small amount of surface iron oxide is present. The composition of the 3000 hr, 823 sample (not pictured) was similar, with slightly more iron to be found in the primarily chromium oxide layer. 
